Abstract-In-vehicle power line communication (PLC) provides a solution for high data communication in the automotive networks without increasing volume, weight and cost of the wiring harnesses. This paper presents the vehicle power line channel model. Also, we propose the design of baseband transceiver, which specifically aimed at this channel model. In transmitter part, the corresponding preamble structure is designed. In the receiver part, it contains packet detection, symbol timing synchronization, sampling clock offset synchronization, channel estimation/equalization, and the nonlinear blanking process for reducing the impulsive noise. Functional simulations show the validity of these algorithms and system performance of the proposed transceiver.
I. INTRODUCTION
Nowadays, there exist more and more electronic control units (ECU) for safety and comfort of occupants in the automobiles. In general, the ECU systems need to transmit information from sensors or communicate with each other via dedicated communication networks. Several standardized protocols such as Controller Area Network (CAN), Local Interconnect Network (LIN) and FlexRay are used to construct the in-vehicle networking system. And the FlexRay has the highest throughput (10 Mbps) . However, such dedicated system will increase the complexity of network architectures, volume, weight and cost of the wiring harnesses. One solution for above problem is the Power Line Communication (PLC), which has great development in the past decade. It's one of the solutions for "last mile" access, and several competing standards appeared such as HomePlug Powerline Alliance, HD-PLC Alliance and IEEE P1901 for the broadband PLC.
In-vehicle PLC uses the DC vehicle power line network as the physical communication medium. [1] - [5] show the feasibility of in-vehicle PLC. The Yamar company [1] proposed DC-BUS technology basing on transmission over DC lines. But the maximum throughput of the Yamar products is 500 Kbps. In [5] , the in-vehicle PLC based on single carrier spread spectrum technology is presented with maximum throughput 50 Kbps. The broadband PLC commercial modems (HPAV, SpidCom and HD-PLC), basing on multi-carrier modulation, with adequate adjustment has been demonstrated on the automobiles. The results show the multi-carrier modulation could achieved much higher throughput, even comparing with the FlexRay.
From previous studies [1] - [5] , the in-vehicle PLC did work and has great benefits compared to the dedicated protocols. However, some algorithms, parameters and coupling methods mentioned in these studies were recommended to be reconsidered and designed according to the in-vehicle power lines. In this paper, the channel model of vehicle power line is presented. According to this model, a baseband transceiver for vehicle power line communications is designed with respect to synchronization issues. The main features of proposed design are listed as follow:
1) High data rate for in-vehicle PLC: In our proposed design, the maximum data rate which can be achieved is around 200 Mbps. According to the in-vehicle power line channel model, all parameters are re-designed. 2) Reliability and Robustness: Our channel model specifically considers the effect of impulsive noise, and the simulation result for receiver performance is more reliable and accurate. To diminish the noise, a simple nonlinear process is adopted to enhance the robustness of this design. This paper is organized as follows. Section II introduces the proposed vehicle channel model. The system description and proposed packet structure are included in Section III and IV, respectively. Section V and VI describe the architecture of whole transceiver. Section VII presents our simulation results. Finally, Section VIII concludes. The vehicle power line is originally designed for the power delivery instead of signal transmission. It provides a harsh environment for the in-vehicle PLC. Fig.1 shows the block diagram of proposed baseband vehicle power line channel model. The channel model can be mainly separated into multipath fading, asynchronous impulsive noise, background white noise and sampling clock offset (SCO). The SCO is the unavoidable impairments due to limited frequency accuracy of the electronics components in the transmitter and the receiver.
II. VEHICLE POWER LINE CHANNEL MODEL

A. Multi-path Fading
The in-vehicle power line has similar properties as the in-door one. Both of them are time-varying and frequency selective channel. The main reason for the time-varying is that the load impedances of vehicle power line network will change with different driving conditions. However, the in-vehicle power line channel can be viewed as the quasi-stationary one.
In general, it's impossible to know the exact configuration of the cable harness in different automobiles. It implies that it's hard to get the statistical behavior among the vehicles. In [6] , a typical configuration is applied to obtain the statistical properties of the transfer function from a propagation model which takes into account the complicated structure of the cable bundles. It has a comparison with measurement results. To simply above issue, we simply use the numerous channel measurements on 2006 Pontiac Solstice from [7] [8] . With the ideal analog front end assumption, the measured 21 can be viewed as channel frequency response ranged from 500 kHz to 50 MHz, and the channel impulsive response can be translated by the fast fourier transform.
B. Asynchronous Impulsive Noise [9] and White Noise
The impulsive noise is the transient spike generated from loads switches on in-vehicle power line networks, and it's approximated by damped sinusoids in our proposed channel model. However, [9] indicates that pulse characteristics are different form one vehicle to another. Thus, great number of measurements among different cars have been taken to determine the average statistical distributions. Each characteristic parameter is approximated by a well-known probability distribution to fit the experimental distributions.
The fitting results have been adopted to form the shape of impulse noise in our model, which contain the following characteristics: peak amplitude, pseudo-frequency, duration, damping factor and inter-arrival time (IAT). The PSD of background white noise in vehicle is around -120 dBm/Hz. Table I lists some important system parameters for proposed baseband transceiver. We adopt the OFDM modulation in our transceiver because of its high data rate and robustness under the frequency selective vehicle power line channel. Considering the possibility of combination between in-door and in-vehicle PLC, the majority parameters are referenced from IEEE P1901 [10] and HPAV. A spectrum mask is adopted to prevent the interference from AM broadcast band and amateur band. The proposed system uses 899 sub-carriers for data transmission at range from 1.8 to 50 MHz, where the bandwidth above 30 MHz is optional for higher data rate requirement.
III. SYSTEM DESCRIPTION
The delay spread and coherence bandwidth were not specially mentioned in [7] . Because the delay spread is under 380 ns for all configuration tests in [6] , we determine the appropriate CP duration is 1.28 s. The sub-carrier spacing is also smaller than coherent bandwidth 400 kHz with probability 10 −3 in [6] .
IV. PROPOSED PACKET STRUCTURE
The structure of proposed packet for training process and data transmission is shown in Fig. 2 . It can be separated into short preamble, long preamble and data OFDM symbols. Main functions of short preamble are packet detection and symbol timing synchronization. The short preamble is composed of SYNCP and SYNCM [10] . Both of them are training data with 512 samples, and the SYNCM is the SYNCP multiplied by −1. The long preamble is used to have the channel estimation based on the quasi-stationary property of vehicle power line. The channel coherence time is hard to determine or measure due to channel time-varying property. Thus, we assume the channel coherence time is 1 ms for simplification. With the assumption of channel coherence time, we determine the number of total OFDM data symbols to be twenty in one packet.
V. ARCHITECTURE OF PROPOSED TRANSMITTER Fig. 3 is the proposed transmitter block diagram. The input data stream is first mapped into QAM modulation by mapper, and pilots, null data. The proposed transmission data are put at corresponding sub-carriers by multiplexer. Then, the IFFT module transforms the data in the frequency domain to compose the OFDM symbols. The hardware of IFFT can be shared with the FFT module in the receiver. Next, the last 128 samples are inserted in front of OFDM symbols to diminish inter-symbol interference (ISI). Besides, there is ROM for storing the time domain real preamble signal since since they are fixed values. The detail of preamble structure has already been explained in previous section. Fig. 4 shows the block diagram of proposed baseband receiver. The whole inner receiver can be partitioned into packet detection, symbol timing detection, SCO tracking loop and channel estimation/equalization. The details of algorithms and architectures of each part are presented in the following subsections.
VI. ARCHITECTURE OF PROPOSED RECEIVER
A. The Nonlinear Blanking Process
In order to diminish the adverse effect of impulsive noise, the memoryless nonlinear blanking process is adopted to reduce energy of impulsive noise. In practical, such simple nonlinear process is often used. The process can be described as follows:
where is the blanking threshold. Note that the nonlinearity belongs to the amplitude type. It means that the phase of the signal is not modified.
B. Packet Detection and Symbol Timing Detection
The main purpose of packet detection is to detect the incoming packets. It warns of the other parts of the receiver from low power sleeping mode. The timing symbol detection detects where the exact OFDM symbol locates. The detected symbol boundary information is used to control the FFT window controller and make the received symbols to be located in the ISI free region.
The modified delay and correlate (DC) algorithm is adopted for detecting packet and symbol boundary. The DC takes the autocorrelation on the received signal:
where denotes the time index, and denotes the number of delay samples and total number of samples to be accumulated. Once the Φ( ) is greater than /4, it regards the packet as being detected. To reduce the complexity, we only use the sign-bit of received samples and recursive form to compute the value of Φ( ). Based on repetitive property and relation between SYNCP and SYNCM, we can obtain the symbol boundary information by searching the minimum Φ( ), which is less than zero. It can be described as follow:
whereˆindicates the time index of the second SYNCM in short preamble. However, the determined time index may point to incorrect timing due to the multi-path effect, especially when the delay spread is huge. A moving average operator is applied to increase the estimation accuracy.
C. SCO Tracking Loop and Compensation
Considering the non-ignorable ICI due to large FFT size and system high QAM mapping, we adopt the time domain SCO compensation. The whole sco tracking loop and compensation part can be briefly separated into three parts: SCO estimation, loop filter and interpolation.
1) SCO Estimation:
The linear least squares algorithm [11] is used to estimate the SCO offset. Based on the proportional relation between rotate phase and sub-carrier index, the estimated SCO is given bŷ
where and are FFT size and CP length respectively, are the indices of pilots, is the number of pilots and is phase different at pilots ( ) between two successive symbols. Because the estimation accuracy will affected by the deeply faded pilots, the pilot indices are chosen according the average channel information.
2) Loop Filter: The function of the loop filter is to filter out the high frequency noise from the output of the SCO estimator. The transfer function of adopted filter is
The two parameters 1 and 2 determine the tradeoff between the speed of converge and loop bandwidth.
3) Interpolation:
With estimated SCO value, the corresponding fractional delay and base point [12] for each received sample can be computed. Then we use the interpolator re-sampling signal based on and . The process adopts the third-order Cubic Lagrange interpolator to compensate SCO. It can be efficiently implemented by Farrow structure.
However, the third-order interpolator will also introduce attenuation in the high frequency band. It causes great damage on high frequency sub-carrier data, especially in the high QAM mapping. In order to deal with such problem, we over-sample the received signal for four times as shown in Fig. 4 , and the delay length in the packet and symbol timing detection part needs to be adjusted appropriately.
D. Channel Estimation and Equalization
One of advantage of OFDM is that we can use the simple one-tap frequency domain equalizer (FEQ) to equalize received signals for reducing the channel effect on transmission signals. In quasi-stationary channel condition, the received signal at k-th sub-carrier in i-th OFDM symbol can be written as:
where , , , and , are the known preamble signal, the received signal and the channel frequency response at the k-th sub-carrier, respectively. And , is the channel impairments at the k-th sub-carrier. Thus, we can obtain the inverse channel frequency response estimation on k-th sub-carrier by applying the long preamble and the property of quasi-stationary channel. It is given bŷ By applying the zero-forcing (ZF) equalization, we can compensate the channel effect to obtain the transmitted signal. The formula can be expressed as:
where theˆ, is the estimated transition signal.
VII. SIMULATION RESULT AND DISCUSSION
Fig . 5 shows the performance of the proposed design with sampling clock offset 25 p.p.m. under typical vehicle power line channel, and the path number is 38 based on delay spread 380 ns and sampling rate 100 MHz. Because the effect of blanking process and concentrated power in the impulsive noise, the performance, under impulsive noise scenario, is better than AWGN scenario one in the low / 0 situation. However, the improvement from blanking process is limited in high / 0 situation due to high signal power.
In order to achieve our predetermined BER target of 10 −3 , it needs / 0 around 66 dB under impulsive noise scenario. The 66 dB is much higher compared with other works listed in Table II . Different from our works, previous studies in [2] and [4] introduce the error correct code to improve the performance. Besides, in [4] , only AWGN noise is taken into consideration. Our design adopts higher QAM mapping which also affects the system performance.
VIII. CONCLUSION
In this paper, a in-vehicle power line channel model and baseband transceiver for in-vehicle PLC are presented. In order to diminish the effect of impulsive noise, a non-linear blanking process is adopted. Also the algorithm and architecture of each block are introduced, including packet detection, symbol timing synchronization, SCO synchronization loop and channel estimation/equlization. Because of great channel attenuation, remaining power of impulse noise and high QAM mapping, we need / 0 66 dB to achieve proposed BER target. For further research and EMC constrain issue, we can include interleaving, error correcting code and bit-loading in the transceiver design for the performance improvement and power requirement.
